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In a previous paper,ll henceforth referred to as [OJ, one of the authors (K.Y.) presented a renormalization scheme of a canonical Yang-Mills field theory with invariant gauge families. 2 l The theory proves quantum theoretical equivalence of all cases of relevant fields with different gauge parameters belonging to the same invariant gauge-family, in a manifestly covariant way; that is, the theory is gauge covariant as well as Lorentz covariant. It is shown in [OJ that the theory is renormalizable and renormalization constants concerning the gauge part can be defined as being independent of gauge parameters in a consistent way. In this paper we aim at applying the above renonnalization scheme to the case of the SU(2) Riggs-Kibble model. 31 ' 41 We exhibit that our gauge-covariance approach under spontaneous breakdown of gauge symmetry is also feasible to non-abelian cases, analogously to abelian ones, 5 l and the following features ernerge: 1) The renormalization scheme takes somewhat different (but rather transparent) form from that appearing in the usual non-abelian gauge theories. 6 l 2) The Goldstonebason field inherent in the Riggs-Kibble model in general carries a dipole-ghost character in a manifestly Lorentz-and gauge-covariant way. Our present treatment corresponds to a generalized version of Kugo and Ojima (KO) in the Landau gauge.n
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We start with the following gauge-covariant Lagrangian density with gauge parameters a" (a= 1, 2, 3) :
where ¢ is a complex 2-component iso-spinor field corresponding to a doublet representation of SU (2) and
)
with the structure constant 8abc of SU (2). *l It is to be noted that the gauge parameters a" are introduced as an iso-vector in this case. If we take a= 0, we have two systems isolated from each other; that is, the system in the case of KO in the Landau gauge which includes the Faddeev-Popov ghost fields C and C, and the gaugeon system consisting of B and B 2 •
The Lagrangian density (1·1) is form-invariant under the finite q-number local gauge transformation GLll,sl A"=A"+A"Xn sin t-[A"-n(nA")] (1-cos t) + (njg)a"t,
with n=a/lal and t=J.glaiB, where V stands for B 1 , C and C. Under this transformation, the gaugeon field B is invariant and thereby a is transformed as a= (1+J,)a.
(1·10)
The Lagrangian density is also form-invariant under the finite global gauge transformation Gn 1 l,sl *l Notations which are not designated explicitly follow [O] . further. Under GR, the vector a is transformed in the same manner as V:
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Combination of GLand GR yields the whole contents of gauge covariance. We note that the gauge structure of the present formalism with the gauge parameter a is controlled by a single gaugeon field B, analogously to the abelian case. 5 l In other words, the transformation GL is abelian once the direction of a is fixed.
Such a feature enables us to discuss gauge dependence of several Green functions in a simplified way, as given below.
Another important nature of L is that it is invariant (not form-invariant) under the Becchi-Rouet-S tora (BRS) transformation G3 9 l o3C= -o8(gj2)CxC ,
where ()(} plays a role of anti-commuting c-number constant. L 1s also invariant under the scale transformation Gc (1·14) which transforms C and C alone.
On the basis of the above-mentione d symmetries, we proceed to our treatment on the problem of spontaneous breakdown of the SU(2) symmetry. The next section ( § 2) presents the framework of our theory when spontaneous breakdown takes place. A consistent prescription of canonical quantization is given there. In § 3, we achieve our renormalization program, along the course of [OJ. m such a way that the vacuum expectation value of (p is given by
with a constant v and a constant iso-spinor u. *) In general, either v or u seems to depend on a. Both of them, however, can be taken to be a-independen t in our present formulation, as shown soon below, if we start with an a-independen t v. Then, we introduce new fields lj; and X in the form
, where the operator U depends on a and is a function of B alone. As will be seen in the next section, these conditions ensure leading to (2 ·1).
We define the transformatio n property of U under GL and GR by
respectively. Hence, (2 · 3) and (1· 9) tell us that c, U and X transform under GL as
with ¢ = (v+$ +irx) fJ. The above equations show that X corresponds to a triplet under GL while y1 corresponds to a singlet. Similarly, (2 · 4) and (1·11) ensure that X and y; correspond to a triplet and a singlet, respectively, under GR. The sol uti on of (2 · 3) and (2 · 4) can be taken as
where (=g[a[B and we have chosen Un(n=1, 2) m the Landau gauge (a=O) to be Onl· Taking vacuum expectation value of (2 · 6), we have
*J Strictly speaking, the term "spontaneous breakdown of symmetry" has its meaning only in the case of the Landau gauge, since there is no exact global gauge symmetry (or global charge) when a;rfO. However, Lmattcr in (1·3) is global gauge invariant for any a. Consequently, this fact enables us to extend the whole contents in the Landau gauge to the case of any a-gauge, in a gaugecovariant way.
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where i15<+l (x-y) =(0\B(x)B(y) \0). As was pointed out Hl Ref. 10), the distribution _D<+l (x) is given by
with an arbitrary mass parameter fl and an infinitesimal constant 0, and then we can take D <+l (0) = 0 consistently throughout the course of all calculations. w In this situation, we see that u is also independent of a as well as v. We note here that to be capable of taking u and v gauge independent is one of the favourable features of the present formalism, and this fact brings a simple description in mass renormalization, *l as will be seen in later sections. Transformation properties of cjJ and X under the BRS transformation Gs read like
Substituting (2 · 2) into (1· 3) and noticing U 1 U = 1, we have where we have put
Field equations which follow from (1· 2) and (2 ·10) are
OB=eA, The prescription of canonical quantization is carried out analogously to Ref.
2). Utilizing canonical equal-time commutation relations, we can obtain equal-time commutators (ETC's) between all quantities which construct canonical variables and their conjugate variables. These ETC's are essentially the same as those in the case of [OJ, as far as the gauge part is concerned. Therefore, we do not express all possible ETC's here, but refer only to some peculiar ones to the present case: 
where V stands for B~> C, C and X· From (2·36) and (2·38), A commutes with itself:
The BRS symmetry ensures that a conserved current exists as Noether's one. From the conserved current, we can obtain the BRS charge as follows: 
X (x; 0) = L/1 2 X<r) (x; 0). 
2M= s ds IJs(s)_,
and m denotes a renormalized (physical) mass. Then, it follows that
Here, Lli 1 J (x) , G (x) and Gw (x) are defined by
with ((x) =g[a[B(x).
Similarly, we find and 112 Dn,x (x-y) (3 ·14)
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from the corresponding VEVC's in the Landau gauge. Here I5 (x), Dn,x (x) and Dxx (x) are given by
with unknown parameters a and b, the values of which will be determined in the next section, and nm is defined by (3. 20) on behalf of J5<ll (x), DJl!x (x) and DW (x). The renormalization constant Z is given by (3. 21) due to the ETC between C and C, and Lx by (3 ·22) clue to (2 · 27). We note here that the parameter b is not taken as unity for consistent asymptotic conditions. Further, the VEVC (3 ·15) and the ETC (2 · 28) yield the relation which is also obtainable by means of the transformati on properties of B 2 and X·
We have now had all VEVC's in hand. These VEVC's tell us that all wave-functio n renormaliza tion constants in any a-gauge are just given by those defined in the Landau gauge by (3 · 5) as being independent of a, and then that the gauge parameters aa are renormalized by (3. 29) to the renormalize d ones (3a. Such a gauge independenc e is guaranteed by the fact that G (x) and G(!) (x) appearing in the VEVC's are well defined so as to contain no divergence, due to (2 · 8) and the calculation rule to take jj<+l (0) = 0 [or DF(O) =0], 10 ),!1) if Z3 112 g is taken as a finite constant.*) The mass parameter fl. always appears in gauge-depen dent terms of VEVC's through G(x) and G 0 l (x). Our physical S-matrix, however, is independent of 1.1. As shown in Ref. 13 ), the physical S-matrix is constructed as being independent of gauge. Therefore, it cannot depend on fl.. This is our renormaliza tion scheme in the theory with gauge covariance. between cpi cinl are given as follows:
[xcin)a (x), Xcinlb (y)
together with the usual relations
The remaining relations all vanish:
(4·10)
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Of course, we have cp;'outl as x 0 -> +co 1n the same way.
In this section, hereafter, we omit the cumbersome superscript (in) for the asymptotic fields. As seen in ( 4 · 2) "-' ( 4 · 4), U 11 consists of a massive and a massless part. The massless part is proportional to (0-m 2 ) UM which is to be given as a linear combination of the derivatives
fJa"B,} a "x , fJ CfJa "x) .
(4·14)*l
The commutation relations ( 4 · 2) "-' ( 4 · 4) and ( 4 ·11) completely determine the proportional constants taken in the set of ( 4 ·14 The commutation relation (4·7) together with (4·16) tells us that choice of the value of a is only concerned with normalization of X· Hence, taking
*l We note that the theory is invariant under the reflection
B--+-B, B,--7-B,, fJ--+-fJ.
we have
The relation (3 · 23) becomes vV e are now in a position to refer to the gauge structure of the present theory. Looking at ( 4 · 6) and ( 4 ·15), we notice that the situation with respect to the gauge structure may be somewhat different from that treated in Ref. 5 ).
But, it is not the case. We can readily eliminate the term proportional to f) 1 ,B in ( 4 ·15) and make the right-hand side of ( 4 · 6) vanish. This is clone by putting
By this replacement, in particular, x<in) satisfies
showing that x<in) is gifted a dipole-ghost character by the gaugeon field B. All commutation relations after taking this notation are listed in Table I The gauge structure given by (5 · 6) and (5 · 7) corresponds to that of the case of Ref. 5) with a complete similarity, though there are many essential differences between abelian and non-abelian cases.
We have so far worked with a naive introduction of cj; and x, that is, with (2 · 2). Appearance of unwelcome forms such as ( 4 · 6) and ( 4 ·15) is a reflection of this choice. Although we have dared to proceed with (2 · 2) in order not to bring on avoidable confusions, it is better to start with
than to do with (2 · 2). Here, the constant r is given by
with a m (3 ·18). By doing so, we can obtain
11l place of (3 ° 28), and consequently arrive directly at x<inl instead of x<inl 0 Finally, we refer to another refined version of the gauge structure in the case of a free massive gauge field theory. Taking m the preceding section, we find 
